SecA ATPase is critical for protein translocation across the Escherichia coli inner membrane. To understand this activity further, the high affinity nucleotide binding activity of SecA was characterized. We found that at 4°C SecA homodimer binds one ADP molecule with high affinity. This nucleotide binding activity was conformationally regulated by temperature: at low temperature SecA affinity for ADP was high with a slow exchange rate, whereas at high temperature the converse was true. Azi-and PrlD-SecA proteins that confer azide-resistant and signal sequence suppressor phenotypes were found to have reduced affinity for ADP and accelerated exchange rates compared with wild type SecA. Consistent with this observation, fluorescence and proteolysis studies indicated that these proteins had a conformationally relaxed state at a reduced temperature compared with SecA. The level of Azi-and PrlD-SecA protein was also elevated in inverted membrane vesicles where it displayed higher membrane ATPase activity. These results provide the first direct evidence for conformational regulation of the SecA-dependent nucleotide cycle, its alteration in azi and prlD mutants, and its relevance to in vivo protein export.
Protein translocation across the bacterial plasma membrane has been studied intensively during the past decade (for recent reviews see Refs. 1 and 2). Current thinking suggests that most secretory and certain membrane proteins are delivered to the translocon either co-translationally by SRP and FtsY or posttranslationally by cytosolic chaperones such as SecB protein (3) (4) (5) . The translocon itself appears to consist of integral membrane proteins SecYEG and SecDFyajC and the peripheral membrane protein SecA ATPase. SecYE is the presumed preprotein channel and SecA receptor (6 -8) , whereas SecG and SecDFyajC appear to enhance SecA activity by regulating its insertion-retraction cycle (9 -13) . SecA protein is central to the translocation process because it binds to preproteins and SecYE and utilizes its ATPase activity to drive protein translocation (6, 14 -16) . A current model for protein translocation posits that SecA undergoes cycles of membrane insertion and retraction that are coupled to preprotein binding and release, thereby promoting the stepwise translocation of preproteins across the membrane (17) (18) (19) . Consistent with this model of SecA membrane cycling, the preprotein binding and carboxyl-terminal domains of SecA have been shown to be periplasmically exposed during SecA membrane insertion (20, 21 ). An alternative model has been proposed also in which translocation can occur from SecA that is embedded within the plasma membrane and does not undergo membrane cycling (22) .
Central to elucidating the protein translocation mechanism and its energetics is understanding the nucleotide binding and hydrolytic cycle of SecA ATPase. Soluble SecA exists as a homodimer and contains both high (NBD-I) 1 and low (NBD-II) affinity nucleotide-binding domains (23) (24) (25) (26) . NBD-I is located within the amino-terminal portion of SecA and is important for regulating SecA membrane cycling (18, 27) , whereas NBD-II is located centrally within SecA and serves an as yet undefined role in SecA function. Previous studies indicate that nucleotide binding is important in regulating SecA conformational dynamics, because ADP binding promoted a more compact conformation of SecA, whereas AMP-PNP binding promoted a more extended conformation, perhaps sharing structural elements akin to membrane-inserted SecA protein (28) . Furthermore, the presence of nonhydrolytic ATP analogues in the in vitro protein translocation system or mutations within NBD-I led to a build-up of membrane-inserted SecA protein (18, 27) , indicating the importance of nucleotide hydrolysis and release in facilitating SecA membrane retraction.
secA mutants have been isolated that are resistant to azide (azi), an inhibitor of SecA ATPase activity, or that suppress signal sequence defects (prlD) (29 -31) . prlD mutants often show an azide-resistant or super sensitive phenotype and map within NBD-I and NBD-II (32) , suggesting that the nucleotide binding and hydrolytic cycle of SecA also regulates the preprotein recognition step. Furthermore, it has been demonstrated recently that azi and prlD mutants bypass the requirement for secG for cell growth at low temperature (12) , suggesting that these SecA proteins may also be altered in their membrane cycling properties.
Given the critical role that the nucleotide binding, hydrolysis, and release cycle plays in regulating SecA preprotein and membrane interactions, we have performed additional studies on the high affinity nucleotide-binding site of SecA. Our results show that SecA homodimer contains a single high affinity nucleotide-binding site whose activity is conformationally regulated by temperature. Furthermore, azi and prlD mutations alter the conformational and nucleotide binding properties of SecA, consistent with a number of their in vivo phenotypes.
EXPERIMENTAL PROCEDURES
Strains, Enzymes, and Chemicals-BL21.19 (pT7secA2), which overproduces SecA protein, has been described previously (26) . STA14D (MC4100 lamB14D) and its isogenic azi or prlD derivatives have been described (12, 32) . azi or prlD alleles were introduced into pT7secA2 by site-directed mutagenesis (26) utilizing appropriate oligonucleotides, and they were verified by DNA sequencing. STA14D derivatives carrying the secA-A630V and secA-R656C alleles were constructed by a plasmid integration and excision method as follows: secA13(Am) supF(Ts) leu::Tn10 (pT7secA-A630V) or (pT7secA-R656C) strains were plated out for plasmid integrates at 42°C, and azide resistance clones were identified. P1vir was grown on individual isolates and used to transduce STA14D to tetracycline resistance, and ampicillin sensitive, azide-resistant transductants were identified. To verify these strains an appropriate portion of the secA gene was isolated by polymerase chain reaction, cloned into pMAL-c2 (New England Biolabs), and subjected to DNA sequence analysis. CK1801.4 (MC4100 ⌬(uncB-C) secA13(Am) supF(Ts) trp(Am) zch::Tn10) was used for preparation of IMV (26) Protein Expression and Purification-Wild type and mutant SecA proteins were expressed from BL21.19 (pT7secA2) containing the relevant alteration and were purified by affinity chromatography on Cibacron Blue agarose (Sigma) as described previously (26) . Protein purity was assessed by SDS-polyacrylamide gel electrophoresis and Coomassie Brilliant Blue staining as well as amino acid analysis and was typically greater than 90%. Protein concentration was determined using the Bradford assay (Bio-Rad) with BSA as a standard and also by amino acid analysis performed by the Keck facility at Yale University, and there was agreement with the two methods to within 5%. SecA endogenous and membrane ATPase activity was determined by the malachite green method (14) utilizing the modifications of Mitchell and Oliver (26) .
SecA Nucleotide Binding-Typically 0. P]ATP added as a tracer were incubated at a given temperature in TKMD-BSA buffer (50 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM Mg(OAc) 2 , 1 mM dithiothreitol, 100 g/ml BSA) in a volume of 150 l for 1-10 min. SecA-bound nucleotide was quantified by either the nitrocellulose filter binding or gel filtration-centrifugation methods.
Nitrocellulose Filter Binding-SecA-bound nucleotide was determined using a Bio-Rad filtration apparatus providing support for 12 filters with a 13-mm diameter. 100 l of the reaction mixture was applied to each nitrocellulose filter (HA; pore size, 0.45 m; Millipore Corp.) that had been presoaked in TKMD-BSA buffer at 4°C and filtered with gentle suction. The filter was rinsed twice with 0.5 ml of TKMD-BSA buffer each time, dried, and subjected to liquid scintillation counting. The nucleotide binding background in the absence of SecA protein was Ͻ1% of the total signal in the presence of SecA protein for [ 3 H]ADP and ϳ5% of the total signal for [␣-
32 P]ATP. The background was subtracted from the total value in each case.
Gel Filtration Centrifugation-SecA-bound nucleotide was determined by the gel filtration-centrifugation method using 2-ml columns (Qiagen) packed with Sephadex G50 (Amersham Pharmacia Biotech) that had been equilibrated previously in TKMD buffer at 4°C. Columns were prepared by successive sedimentation of the resin at 1000 ϫ g for 3 min at 4°C for a total of three times to remove excess buffer. 100 l of the reaction mixture was applied to the column, and the centrifugation steps were repeated, and the eluants were pooled and subjected to liquid scintillation counting. Control experiments lacking SecA protein gave background levels of radioactivity in the eluant.
Thin Layer Chromatography-Reaction mixtures and eluants containing [␣-
32 P]ATP from the gel filtration-centrifugation procedure were analyzed by ascending thin layer chromatography. 10 l of the reaction mixture or 30 l of the eluant was spotted onto polyethyleneimine-cellulose plates (Merck) and subjected to ascending liquid chromatography with 1 M LiCl. After drying, plates were subjected to autoradiography, and appropriate regions were cut out and analyzed by liquid scintillation counting. R f values of 0.54 and 0.31 were obtained for ADP and ATP, respectively.
Equilibrium Dialysis-SecA-bound nucleotide was determined by the equilibrium dialysis method as described previously (26) . TKMD-BSA was used as the dialysis buffer, and the dialysis membrane had a 50,000 Da molecular mass cut-off. SecA and [
3 H]ADP were placed in opposing 50-l chambers and incubated overnight at the indicated temperature in a Teflon-coated microvolume dialysis apparatus (Hoeffer) with stirring, and the contents of each chamber was analyzed by liquid scintillation counting to determine bound and free [ 3 H]ADP.
SecA protein concentration was adjusted so that no more than 90% of ADP was bound. Fluorescence Methods-SecA Trp fluorescence as a function of temperature was measured using a FluoroMax-2 spectrofluorometer (Instruments S.A., Metuchen, NJ) with a Neslab programmable water bath with a remote sensor. 1 ml of SecA protein at 25 g/ml in 25 mM Tris-HCl, pH 7.5, 25 mM KCl, 1 mM EDTA was placed in a quartz cuvette with a 1-cm excitation and 0.4-cm emission path length. The excitation and emission slits were set at 0.71 mm to give a 3-nm bandpass. Spectra were scanned at a rate of 1 nm/s. Fluorescence emission was at 345 nm, using an excitation wavelength of 297 nm. Temperature was increased over successive 2 Ϯ 0.2°C intervals from 24 to 50°C with a settling time of 2 min at each temperature. The fluorescence data were analyzed using Prism 2.0 software (GraphPad Software, Inc.). The values represent means of two or more independent measurements. The sigmoidal transition curves were fitted using the equation (28)) and were somewhat method-dependent ( Fig. 1 ). Experimental differences between the methods probably contributed to most of the observed variation (e.g. subjecting SecA, ADP and SecA-ADP complexes to differences in washes, vacuum filtration, sedimentation, or various surface matrices during the assays). We have been careful to base our conclusions on equilibrium dialysis, because this method avoids many of these difficulties. A stoichiometry of one ADP molecule bound per SecA dimer was obtained at ADP concentrations less than 100 M (see "Experimental Procedures" for quantification of SecA purity and concentration). To ensure that SecA protein was not contaminated with prebound nucleotide, we subjected purified protein to a round of denaturation, ultra-filtration, and renaturation prior to measurement of ADP binding. SecA treated in this manner had a binding stoichiometry similar to untreated protein after normalizing for recovery of ATPase activity (42% of untreated control). Furthermore, to check for inactive protein within our SecA preparation, we tested its specific binding affinity for ADP-agarose. At least 80% of SecA bound to ADP-agarose, whereas less than 10% bound to the control resin (aminohexyl-agarose) (data not shown). These data suggest that SecA homodimer has a single solvent-accessible high affinity ADP-binding site. However, we are unable to exclude the alternative that the observed stoichiometry is artificially low because of the presence of inactive SecA within our preparation, although our protein appeared normally active compared with other reports (14, 26) .
Temperature Dependence of ADP Binding to SecA-Temper- ature has been shown to be important in regulating SecA conformational dynamics. In particular, SecA undergoes a endothermic conformational alteration (relaxation) that promotes its membrane penetration, which is modulated by nucleotides, preprotein, and anionic phospholipids (28, 33, 34) . Therefore, we studied the effect of temperature on ADP binding to SecA. A remarkable decrease in ADP binding activity with increasing temperature was noted (Fig. 2) . This result was not due to simple inactivation of SecA protein, because SecA ATPase activity increased with temperature up to 42°C and was stable during the time course of the assay (data not shown). Furthermore, if the SecA-ADP mixture was first incubated at 37°C and then the temperature was reduced to 4°C, the ADP binding activity was representative of the lower temperature. If the reciprocal temperature shift was performed instead, the ADP binding activity was representative of the higher temperature (data not shown). To demonstrate that these results were not dependent on the method employed, we also measured ADP binding activity at three different temperatures utilizing equilibrium dialysis. A similar trend of decreasing ADP binding activity with increasing temperature was noted here. The dissociation constant (K D ) increased from 374 nM at 4°C to 4 mM at 24°C. Simultaneously the number of binding sites (B max ) decreased from 1 to 0.64. This trend was not the result of thermo-inactivation of SecA, because its ATPase activity was stable throughout the time course of this assay (data not shown). Unfortunately because of background problems as well as SecA instability during prolonged incubation at higher temperatures, we could not perform equilibrium dialysis measurements above 24°C. These data demonstrate that temperature is an important factor regulating the nucleotide binding activity of SecA, presumably by controlling SecA conformation around its nucleotide-binding site. It is likely that other translocation ligands regulate SecA conformation in vivo and, consequently, the activity of its nucleotide-binding site.
To assess the stability of the SecA-ADP complex, we quantified the decay of [ 3 H]ADP-bound SecA in the presence of a molar excess of unlabeled nucleotide. At 4°C, the complex had a half-life of 4.4 min, whereas at 24°C the value was reduced to only 1.2 min (Fig. 3) . This latter temperature was utilized because at higher temperatures ADP binding was low and exchange rates were fast and difficult to measure accurately. Our results indicate that temperature regulates SecA nucleotide binding properties and that nucleotide binding affinity and exchange rate are inversely related as would be expected.
Differential Binding of ADP and ATP-A recent study suggested that ADP and AMP-PNP promote different conformational states of SecA protein (28) . To determine whether SecA has a preference for binding a particular nucleotide or whether there might be distinct ADP-and ATP-binding sites on SecA, we measured the binding of these nucleotides either separately or in an equimolar mixture. Both ADP and ATP showed a similar binding stoichiometry, and the level of nucleotide binding did not increase in the presence of the ADP-ATP mixture, indicating a competition for a common high affinity nucleotidebinding site (Fig. 4) . Of interest, there was a significant and reproducible preference of SecA for ADP over ATP. We at- tempted to determine whether this preference arose from differential binding or retention of nucleotide. Thin layer chromatographic analysis showed that even at our shortest incubation times at 4°C SecA-bound ATP had been converted to ADP (data not shown). Measurement of the exchange rate of SecA-bound [ 3 H]ADP in the presence of a molar excess of unlabeled ADP or ATP showed that ATP was a somewhat less effective competitor (Fig. 3A) . These results imply that SecA has a lower k on rate for ATP than ADP, although additional studies are required to quantify this effect further.
azi and prlD Mutations Alter SecA Nucleotide Binding Activity-Because azi and prlD alleles of secA map within or near NBD-I and NBD-II (32), it seemed likely that these proteins might be altered in their nucleotide binding properties. Accordingly, we purified several Azi-and PrlD-SecA proteins and measured their ADP binding and exchange properties. The ATPase activity of these proteins was higher than or equivalent to wild type SecA depending on the particular protein (see Fig.  10 ). Azi-(SecA-A630V and SecA-R656C) and PrlD-SecA (SecA-A373V) proteins had reduced ADP binding activity at 4°C compared with wild type SecA (Fig. 5) . The ADP binding activity of the protein with the strongest prlD phenotype, SecA-Y134C, could not be measured here because saturable nucleotide binding was not observed at the ADP concentrations employed in our studies. The exchange rate of ADP at 4°C was also considerably accelerated for Azi-and PrlD-SecA proteins (Fig. 6) . The half-life for the SecA-ADP complex is reduced to 1.27 and 0.113 min for SecA-A630V and SecA-R656C, respectively. Although our data for SecA-A373V are given for comparison, we were unable to accurately measure its ADP exchange rate, because most of the bound nucleotide was lost even at the first time point. Measurement of the exchange rate of SecA-Y134C was also not possible, given its lack of saturable ADP binding. Overall, these data indicate that there is an inverse correlation between nucleotide binding affinity and exchange rate for the various SecA proteins.
azi and prlD Mutations Alter SecA Conformation-The foregoing analysis indicated that temperature serves to regulate the activity of the nucleotide-binding site of SecA. That Aziand PrlD-SecA proteins had reduced nucleotide binding activity and increased exchange rates compared with wild type SecA suggested to us that they were probably altered in their conformational properties. To test this idea, SecA conformation was assessed by measuring its intrinsic Trp fluorescence as a function of temperature. SecA contains seven Trp residues located in the preprotein binding region, NBD-II, and 30-kDa carboxyl-terminal domain (at amino acids 349, 519, 541, 622, 701, 723, and 775) (35) . We have demonstrated previously that this method allows detection of a major temperature-dependent change in SecA conformation (relaxation) that promotes penetration into model membranes containing anionic phospholipids (33) . Wild type SecA displayed a sharp decrease in fluorescence with increasing temperature with a midpoint around 39°C (Fig. 7) , consistent with our previous results (33) . This structural alteration did not correspond to general denaturation of SecA, because its ATPase activity increased 8.9-fold while increasing the temperature from 24 to 42°C (data not shown). Azi-(SecA-A630V and SecA-R656C) and PrlD-SecA (SecA-Y134C and SecA-A373V) proteins had an altered endothermic transition with the midpoint shifted to lower temperature. Again, this structural alteration did not correspond to general denaturation of these proteins, because it occurred at temperatures where their ATPase activities were stable or increasing (data not shown). The ATPase activity of SecA-Y134C and SecA-A373V increased 4.6-and 5.6-fold, respectively, in going from 24 to 42°C, and maximal activity was achieved at 37°C with no decline in activity at 42°C. The ATPase activity of SecA-A630V increased 10.3-fold over this temperature range, and like wild type SecA, its activity continued to increase up to 42°C. Only in the case of SecA-R656C did we note a 40% decline in ATPase activity at 42°C, where maximal activity was reached at 37°C (13.3-fold) . In general, there was a reasonable correlation between the magnitude of the change in SecA conformational and nucleotide binding properties for the various mutant proteins.
Based on our previous analysis of this system (33) , these data indicate that Azi-and PrlD-SecA proteins have an altered conformational equilibrium favoring a more relaxed state. Consistent with this proposal, SecA-Y134C was significantly more sensitive to trypsinolysis than wild type SecA at either 22 or 37°C (Fig. 8) . In comparing these data to the previous figure, it is important to bear in mind that these two assays are quite different because trypsin will tend to "capture" the relaxed conformation of SecA and target it for degradation, thereby depleting total SecA over time. By contrast, fluorescence will measure the average conformational state of SecA protein. We conclude that Azi-and PrlD-SecA proteins are generally altered in their conformational states, and such changes are consistent with their altered nucleotide binding and exchange properties.
azi and prlD Mutations Increase SecA Binding to IMV and Membrane ATPase-To assess whether azi and prlD mutations affected SecA membrane binding, we measured the amount of SecA present in sucrose density gradient-purified IMV prepared from strains containing a single chromosomal copy of azi or prlD. Previous studies have shown that this membrane purification method allows estimation of translocon-associated SecA protein, because it removes lipid bound SecA protein (36) . Although all strains produced essentially comparable levels of SecA protein relative to SecY protein, PrlD-(SecA-Y134C and SecA-A373V) and Azi-SecA (SecA-A630V and SecA-R656C) proteins were present at elevated levels in IMV (Fig. 9) . Furthermore, we measured the ATPase activity of these purified SecA proteins both in solution (endogenous ATPase activity) and in the presence of SecA-depleted IMV (membrane ATPase activity) (Fig. 10) . Whereas most azi/prlD-SecA proteins (except SecA-A630V with 88% of wild type activity) had increased endogenous ATPase activity (1.4 -1.6 times of wild type activity), all displayed a higher membrane ATPase activity ranging from 1.3-(SecA-A630V) to 2.2-(SecA-A373V) and to 3-fold (SecA-Y134C and SecA-A656V) higher than wild type activity. SecA membrane ATPase activity has been shown to require SecYE protein association (36) . This result indicates that these proteins have a higher specific ATPase activity at the translocon.
DISCUSSION
In this study we have further characterized the high affinity nucleotide-binding site of SecA protein given its importance in regulating SecA preprotein and membrane interactions (18, 27, 32, 34) . Our results indicate that SecA homodimer contains a single high affinity nucleotide-binding site that is conformationally regulated. Although the conformation regulation that we observed is based on temperature, we assume that other translocation ligands (e.g. signal peptides, preproteins, anionic phospholipids, and other Sec proteins) are likely to act as modulators of SecA conformation and NBD-I activity and serve to facilitate the translocation cycle. Clearly such ligands are needed in vivo, for example, to accelerate slow steps, such as the release of ADP from SecA (37). Our observed binding stoichiometry of one nucleotide bound per SecA dimer may arise from negative allosteric regulation, which would be consistent with the negative cooperativity of SecA translocation ATPase activity that was observed previously (38) . It is not clear yet what structural elements contribute to the observed binding asymmetry.
It is now generally appreciated that SecA is a molecular motor that utilizes its ATPase cycle to drive protein translocation (18, 19) . In addition, SecA is known to be an RNA-binding protein that belongs to the helicase superfamily II (39, 40) , and it has been shown to possess an ATP-dependent helicase activity (41) . It is tempting to speculate that asymmetric binding of nucleotide to SecA could facilitate temporal organization of its conformational cycle so that an individual SecA subunit would be 180°out of phase with its partner during the translocation process. Such "subunit switching" behavior is observed for other motor proteins such as DNA helicases and kinesin that have a "hand-over-hand" mode of action (for recent reviews see Refs. 42 and 43). SecA has been reported to function as a (22) containing 0.5% glucose at 37°C until A 600 equaled 0.8, when cells were harvested by sedimentation at 10,000 ϫ g at 4°C for 15 min. Sonicated cell extracts or sucrose gradient-purified IMV were prepared as described previously (50) . Western blots of 10 g of total cellular protein analyzed for SecA (A), 5 g of total membrane protein of IMV analyzed for SecA (B), or 10 g of total membrane protein of IMV analyzed for SecY (C) for the indicated strain. M indicates protein molecular mass markers of 116, 97, and 66 kDa (top to bottom) for A and B and 31 kDa for C.
homodimer during the translocation process (44) . A recent report by the same group uncovered two distinct SecA-dependent translocation events with step sizes of 2-2.5 kDa, which would be consistent with a two-stroke, subunit-switching mechanism of SecA action (19) .
The observed preference of SecA for ADP over ATP may have some relevance in vivo. It would assure that the most stable species of cytoplasmic SecA is ADP bound, thereby minimizing ATP wastage. Upon binding to preprotein or SecB-bound preprotein, phospholipids, and SecYEG, these macromolecules could act as conformational ligands to greatly accelerate ADP release from SecA, and ATP binding would promote insertion of the SecA-preprotein complex into the translocon as outlined in recent models (2, 17) .
What is the structural basis behind the alteration of the nucleotide binding properties of SecA with increasing temperature? An important clue is provided by our data relating to the Azi-and PrlD-SecA proteins, which reflect somewhat the binding characteristics of wild type SecA protein at higher temperature. These proteins contain mutations within NBD-I, NBD-II, and the 30-kDa carboxyl-terminal domain of SecA that resulted in a conformational relaxation of the protein that was accompanied by a reduction in nucleotide affinity and a dramatic increase in nucleotide exchange rate. These results suggest that these three domains contribute to the conformation of the high affinity nucleotide-binding pocket of SecA. Furthermore, they indicate that this pocket is relatively solvent inaccessible at low temperature, consistent with the low nucleotide exchange rate for wild type SecA protein at 4°C. Either temperature or appropriate mutations were able to destabilize this "ground state" of SecA, resulting in a relaxed conformation where the nucleotide-binding pocket is more solvent accessible. This relaxed or extended state of SecA appears to be activated in terms of higher translocon binding and membrane ATPase activities, which were observed for these mutant proteins. We propose that this latter state is structurally similar to the extended conformation of SecA that was observed after AMP-PNP binding (28) and suggest that it is an important structural intermediate that readily leads to SecA membrane insertion. The parallel between our temperature and mutant studies suggests that the observed conformational regulation of nucleotide binding activity is likely to be important in vivo, particularly given the phenotypes of the azi and prlD mutants.
Our study provides some useful clues as to the biochemical basis of azide resistance and signal sequence suppressor properties of azi and prlD mutants. Previous studies indicate that azide inhibits SecA membrane cycling, most likely by inhibiting ATP hydrolysis and/or preventing nucleotide release from membrane-inserted SecA (19) . The biochemical properties of Azi-and PrlD-SecA proteins, which include a more relaxed conformation and accelerated nucleotide exchange at NBD-I, would be consistent with this proposal. These alterations could reduce the ability of azide to trap nucleotide-bound SecA by facilitating the flexibility around the nucleotide-binding pocket and the release of bound nucleotide. In addition, we note that existing azi and prlD mutants are in fact phenotypically azidesensitive at 30°C (12) , demonstrating the importance of temperature in azide inhibition and supporting the proposal that FIG. 10 . Azi-and PrlD-SecA proteins have increased membrane ATPase activity. SecA-depleted IMV were prepared from CK1801.4 as described previously (26) and used with the indicated SecA proteins to quantify SecA-dependent endogenous and membrane ATPase activity as described previously (26) . ATPase activity was calculated using the following formulae: endogenous ATPase activity ϭ ATPase activity in the presence of SecA Ϫ ATPase activity in the absence of SecA; membrane ATPase activity ϭ ATPase activity in the presence of SecA and IMV Ϫ ATPase activity in the presence of IMV Ϫ endogenous ATPase activity. Assays were performed in duplicate at 36°C, and the data are the averages of two independent experiments. the conformation around the nucleotide-binding pocket and its flexibility are critical in mediating the effect of azide on SecA.
It has been proposed that prlA (secY) and prlG (secE) mutants are defective in a signal sequence-proofreading activity that is a normal function of the translocon (45, 46) . By contrast, prlD mutants are substantially weaker in suppression of signal sequence defects (29) , and it is unclear whether a similar mechanism gives rise to their properties. A recent report suggests that the stability of SecA for SecY is critical for control of signal peptide-proofreading. It was found that prlA4 increased the affinity of SecA for SecYE, and in so doing it prevented the ATP-dependent dissociation of the SecA-SecYE-preprotein ternary complex that normally aborts translocation in the absence of a functional signal peptide (47) . These results are consistent with ours, where we observed an increased level of SecYEbound PrlD-SecA protein as well as altered nucleotide binding and hydrolytic properties that could directly affect the lifetime of the SecA-SecYE-preprotein ternary complex and its ability to initiate protein translocation. However, we note that these biochemical properties are also shared by SecA-A630V and SecA-R656C, which exhibit little or no signal sequence suppressor activity in vivo. 2 On the other hand, the PrlD-SecA proteins were the most severely affected in their nucleotide binding properties, so quantitative instead of qualitative differences may give rise to signal sequence suppressor activity. Additional biochemical characterization of the PrlD-and AziSecA proteins is needed to understand the intricacies of the proofreading mechanism.
Finally, our results provide a rationale for the observation that azi and prlD mutants generally bypass the requirement for secG (12) , because a higher proportion of SecA in a relaxed conformation or in an ATP-extended conformation (28) would allow it to insert more readily into membranes without the assistance of SecG protein. Normally the compact conformation of ADP-bound SecA prevents membrane insertion (28, 48) . They are also consistent with the strict requirement for SecG protein only at low temperature (49) , where the compact ADPbound conformation of SecA is favored and SecG would be needed to alter SecA conformation and promote its insertion into the membrane. Additional biochemical characterization of the Azi-and Prl-SecA proteins in the in vitro protein translocation system should provide further insight into these processes.
